Using satellite-derived surface current products, we examined annual current variations in the equatorial Pacific Ocean and associated zonal displacement of the Pacific warm pool. Annual current variations, generated mainly by annual equatorial Rossby waves, displaced the warm pool eastward (westward) during boreal spring-summer (winter), with accompanying increase (decrease) in the zonal heat advection at a rate of 0.2 0.4°C mon 1 in the warm pool region in normal years when neither El Ni no nor La Ni na event take place; similar seasonal increases (decreases) have also been observed in El Ni no years. Annual zonal currents variations attributable to oceanic Rossby waves provide more (less) favorable background sea surface conditions for the onset of El Ni no during boreal summer (winter) by weakening (strengthening) the zonal sea surface temperature gradient through eastward (westward) heat transport near the equator in the warm pool region. Annual zonal currents variations might play a key role in seasonally locking the onset of El Ni no events in the warm pool region.
Introduction
Several hypotheses have been proposed to explain the El Ni no/Southern Oscillation (ENSO) cycle. According to the "delayed oscillator" model (Schopf and Suarez 1988) , two types of planetary wave actions by a westward-propagating equatorial Rossby wave and an eastward-propagating equatorial Kelvin wave influence the periods of ENSO, thereby changing air sea interaction over the Pacific warm pool. Jin (1997) proposed another theoretical model, the "recharge oscillator." This model considers that in association with basin scale air sea interactions in the tropical Pacific to take place, the time lag between warm-water volume anomalies in the entire equatorial Pacific and the eastern Pacific sea surface temperature (SST) should be about a quarter of the ENSO cycle (Meinen and McPhaden 2000) .
Zonal displacement of the Pacific warm pool (Picaut et al. 1996) is also important for understanding the ENSO phenomenon. Anomalous zonal current variations associated with air sea interactions over the Pacific warm pool (Maes et al. 2006 ) determine the interannual timescale of the El Ni no cycle based on windforced or reflected oceanic Kelvin and Rossby waves. Wind-forced currents develop mainly over the Pacific warm pool and appear more frequently before the onset of El Ni no. These anomalous eastward currents force warm water eastward and promote more suitable ocean surface conditions for the onset of El Ni no by providing warm water for a wider zonal extent along the equator.
Statistical analyses have revealed the seasonal dependency of El Ni no onset (i.e., Xu and Chan 2001; Horii and Hanawa 2004) . Such analyses have divided El Ni no phases into two types: (1) the spring El Ni no type, characterized by a strong amplitude and a short period and (2) the summer autumn El Ni no type, characterized by a weak amplitude and a long period. On the other hand, statistical studies have not shown any development of El Ni no in boreal winter (i.e., the winter El Ni no type), thus suggesting that annual cycle of background state can affect the timing of El Ni no onset.
Recent studies (Spencer 2004; Hendon et al. 2007 ) have emphasized the importance of seasonal variations of SST in the western Pacific. These authors reported that during boreal summer, high SST with a weak zonal SST gradient in the western Pacific warm pool region enhanced air sea interactions associated with MJO-WWB (Mudden Julian Oscillation-Westerly Wind Burst). The question is, what causes a weaker zonal SST gradient in boreal spring-summer in the warm pool region? In this study, we investigate that the annual zonal displacement of the Pacific warm pool associated with seasonal change of zonal current displacement controls the seasonal change of SST gradient in the warm pool, and suggest that the seasonal change of SST gradient affect seasonal enhancement of air sea interaction associated with MJO-WWB.
For this study, we used Ocean Surface Current Analysis Real Time (OSCAR) surface current data estimated from both satellite altimetry and in situ surface drifter data (Bonjean and Lagerloaf 2002; Johnson et al. 2007 ). We also used surface wind stress data obtained from Japanese Ocean Flux Data Sets with Use of Remote Sensing Observations (Kubota et al. 2002, http ://dtsv.scc.u-tokai.ac.jp/j-ofuro/). We divided the surface current and wind data into the following three time regimes filtered by a wavelet digital filter: < 120 d, 120 400 d, and > 400 d (Torrence and Compo 1998) annual variations based on 120-to 400-d periods of surface current and wind data, and we compared the variations over this timescale with those over shorter and longer timescales.
Results

Annual component of surface currents
Annual changes in surface currents near the equator ( 1994, 1997, 2002, and 2006) , eastward currents can be recognized along the equator, with westward propagation of these phases (broken black arrows in Fig. 1b) . In addition, weaker eastward currents in the western to central Pacific, except during mature El Ni no seasons (boreal winters of 1994, 1997, 2002, and 2006) , were found, especially during boreal winter. Such currents would be driven by repeated intraseasonal winds (Kessler and Kleeman 2000) .
With regard to interannual modulation, the amplitudes of annual Rossby waves change depending on whether La Ni na and El Ni no conditions are obvious, and they are enhanced during the La Ni na phase. But even during periods that precede the onset of El Ni no, cold annual Rossby waves still exist with amplitudes similar to those in normal years, and westward propagations of cold Rossby waves could reach the eastern edge of the Pacific warm pool.
Composites of annual signals
To understand the differences and similarities of annual signals before El Ni no and during normal conditions, we calculated composite monthly mean maps in February and May for normal years and for El Ni no years. Figure 2 shows annual equatorial cooling (warming) by zonal heat advection from the eastern side of the Pacific warm pool to the cold-tongue region in February and May in normal years (a and b) and in El Ni no years (f and g). SST cooling (warming) by advection of annual Rossby waves is lower than 0.2°C mon 1 (greater than 0.2°C mon 1 ) in the warm pool region near the equator, thereby causing significant annual westward (eastward) displacement of the warm pool, both in normal years and in El Ni no years. As expected from theoretical Rossby wave analysis (Matsuno 1966 ), the surface current direction in the off-equatorial region is opposite to the current direction at the equator.
Figures 2c and h present zonal profiles of composite SST in February and May in normal years and in El Ni no years, respectively. In both normal and El Ni no years, the negative zonal SST gradient in February is larger than in May, because it would be associated with annual variations in Bjerknes-type large-scale air sea feedback between the Pacific cold tongue in the east and the warm pool in the west. Figures 2d and e indicate that zonal heat transport controls local SST change in the warm pool region both in January and in May, in normal years as well as in El Ni no years (see Figs. 2i  and j) . East of the warm pool, local SST change does not balance with zonal heat transport in all cases (see Figs. 2d, e, i, and j), suggesting that the local SST is controlled by other factors, such as cold (warm) Rossby waves in boreal spring/summer (winter). In the warm pool region, cold (warm) annual Rossby waves then dump (develop) the negative zonal SST gradient annually by means of zonal positive (negative) heat transport. Consequently, in boreal spring summer (winter), surface conditions are more (less) favorable for the development of air sea interactions with WWB over the warm pool.
Subsurface current variations of warm pool in 2002/03 onset of El Ni no
As a case study, we investigated the boreal winter of 2002 (December 2001 February 2002 . We considered the annual component (which is filtered for 120-to 400-d period using a band-pass filter) of the vertically averaged surface current data as observed by a moored Acoustic Doppler Current Profiler (ADCP) at the equator at 165°E (http://www.pmel.noaa.gov/tao). The annual component shows no eastward (positive) current, even during a strong WWB event in December 2001 (see Fig.  3 ). Owing to a strong WWB in the boreal winter of 2001, the intraseasonal component (i.e., the 120-d high-passfiltered component) of the vertically averaged current flowed eastward at more than 100 cm s 1 from early December 2001 to early January 2002; however, this current was short-lived and ended in January 2002. In contrast, in the boreal summer of 2002, the annual component of the vertically averaged current contributed to the eastward component of the current as well as to the interannual component (> 360 d). The vertical profiles also indicate that the surface current at 40 m flowed persistently eastward until the end of January. In contrast, the eastward current at 120 m was short-lived and changed to a westward direction at the end of December (not shown), thus suggesting the effect of the zonal current that is attributable to annual warm Rossby wave beneath the surface wind-forced eastward current.
Role of annual Rossby waves in onset of El Ni no in the warm pool region
Statistical analyses showed that WWBs and associated forced surface currents developed during boreal winter; however, standard deviations of WWBs did not have a high correlation with the El Ni no index . This finding can be attributed to the fact that the negative SST zonal gradient is increased seasonally by advective cooling from annual westward currents by Rossby wave (see Fig. 2 ) and the annual southward shift of the SST maximum in boreal winter (Vecchi 2006) . In contrast, from boreal spring to summer, annual eastward currents by Rossby wave cause the SST to increase and its zonal gradient to become weaker. Thus, eastward zonal currents at the eastern edge of the warm pool in boreal spring/summer can provide more favorable oceanic conditions in SST and SST gradient for the onset of El Ni no by WWB with the eastward enhanced warm pool. The case study in This study highlights the possible role of annual oceanic Rossby waves in determining the seasonality of El Ni no onset by revealing background seasonal conditions that control the seasonal change of zonal SST gradient in the warm pool region.
Discussion
Boreal winter was the strongest season in terms of intraseasonal WWB over the Pacific warm pool. The average values of monthly standard deviations of intraseasonal surface wind and surface currents at the equator (see Fig. 4 ) were strongest in boreal winter and became weak in boreal spring/summer. The longitude of the maximum standard deviation of wind is located west of the longitude of the maximum standard deviation of current, probably because surface wind generates and amplifies current in its downstream area. The lag-zero correlation coefficient between intraseasonal wind and current is 0.53, which exceeds the significance level of 5% (within a confidence limit of 95%) for the Student t-test, thereby demonstrating that the intraseasonal component of wind basically generates the intraseasonal component of current and, likewise, oceanic intraseasonal Kelvin waves (not shown in plot). In spite of high activity of intraseasonal WWB and ocean Kelvin waves in boreal winter, the seasonal change of oceanic background condition affected by annual oceanic Rossby waves blocks developing eastward displacement of warm pool.
Annual oceanic Rossby waves are considered to originate from air sea interactions in the central/ eastern Pacific (Kessler 1990; Tozuka and Yamagata 2003) . In Fig. 1 , annual oceanic Rossby waves exhibit a relatively high amplitude during La Ni na periods and low during normal periods and El Ni no periods, thus suggesting stronger air sea interactions in the eastern Pacific during La Ni na periods. In the case of the onset of the strong 1997/98 El Ni no, cold Rossby waves did not intrude significantly into the western Pacific because the eastward current in the western Pacific was already developed during boreal spring. For this particular episode of El Ni no, annual cold Rossby waves did not play a particularly important role in the onset of El Ni no, in comparison with other occurrences of El Ni no. Cases of weak El Ni no that occurs in later season may be affected more by cold oceanic Rossby waves. 
